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DIELECTRIC MEASUREMENTS IN HIGHLY
DEUTERATED BETAINE PHOSPHITE

J. HEMBERGER, P. LUNKENHEIMER, H. RIES, A. MAIAZZA and A. LOIDL

Institut fiir Festkorperphysik, Technische Hochschule Darmstadt,
D-64289 Darmstadt, Germany

We have performed a detailed investigation of the dielectric properties of deuterated betaine phosphite
(D-BPI) using broadband dielectric spectroscopy, measurements of the non-linear susceptibility, of the
pyroelectric coefficient, and of the field dependent polarization. D-BPI becomes ferroelectric in two
successive phase transitions at T, = 272 K and T,; = 266 K. At frequencies v > 100 MHz a critical
slowing down of the order dynamics at 266 K could be observed. In addition, we found evidence for a
third polar phase transition at 7., = 250 K. At temperatures around 150 K a relaxational process, most
probably due to domain wall motions, shows up which is highly field dependent with an energy barrier
of 5300 K at low fields.

1. INTRODUCTION

The addition compounds of the a-amino acid betaine with several adducts like ar-
senate, phosphate or phosphite form a group of complex crystals with interesting
dielectric properties. Since the first observations of order transitions in these mate-
rials,' this family of crystals and mixed crystals has been the subject of many in-
vestigations. A broad spectrum of different ordering behaviours has been found:
Protonated betaine arsenate (BA) and betaine phosphite (BPI) show ferroelectric
behaviour,”™* while protonated (BP) as well as deuterated betaine phosphate (D-BP)
exhibit antiferroelectric transitions."” Deuterated betaine arsenate (D-BA) even shows
a sequence of antiferro- and ferroelectric transitions.® Finally, betaine calcium chlo-
ride dihydrate (BCCD) reveals a variety of subsequent commensurate and incom-
mensurate phases.” Additional interest in this class of materials stems from the fact,
that their structural isomorphism enables the growth of mixed crystals. Here com-
peting .dipole-dipole interactions supress polar order and drive an orientational
glass transition.® The present work deals with deuterated betaine phosphite,
(CH;);:NCH,COO-D,PO; (D-BPI).

In analogy to the protonated compounds™® it can be concluded, that the inorganic
PO, group is connected via a hydrogen bridge to the organic betaine complex. Neigh-
bouring phosphite groups are interconnected via the DPO;-tedrahedra with
O ...D—O bonds along quasi one dimensional zig-zag chains, with one bond along
(010) axis, and one hydrogen bridge perpendicular to it, along (101). In the ferro-
electric (FE) state of betaine phosphite the FE order is achieved via the order of the
protons along the b-axis, while the hydrogen bonds along (101) are arranged to avoid
the formation of PO; groups.” This means that the two inequivalent protons along
the quasi-linear chain are never attached to the same HPO; group, a fact that must
introduce strong correlations of the protons in the paraelectric state and implies that
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the two inequivalent protons order at the same temperature. That the protons in BPI,
indeed, order at the same temperature has been demonstrated unambiguously by
Electron Nuclear Double Resonance (ENDOR) experiments.'® So far only very little
is known about D-BPI. Concerning the dielectric properties, the complex dielectric
constant £* has been measured at 5.2 kHz for temperatures 4 K = T =< 250 K and
a weak loss peak has been reported." Here we present a detailed dielectric investi-
gation of D-BPI,.including broadband dielectric spectroscopy, field, frequency and
temperature dependence of the nonlinear susceptibility, measurements of the pyro-
electric coefficient and of the field dependence of the polarization.

2. CRYSTAL GROWTH AND SAMPLE PREPARATION

The crystals were grown from an aqueous solution of betaine and D;PO; in a molar
ratio of 1:1 by controlled evaporation at a constant temperature near 300 K. The
deuteration was achieved by a three cycle process of dilution with heavy water and
subsequent distillation. At least the protons of all polar bonds (those of the phosphite
complex and the carboxy! group of the betaine complex) are substituted by deuterons.
Thus the relevant protons of the crystal, that participate in the dipolar order-disorder
phenomena, can be regarded as highly deuterated and a further deuteration of the
organic complex should not affect the polar order behaviour of the system.’ The
crystals are colourless and transparent of optical quality and grow as (100)-plates
with typical dimensions of about 5 X 10 X 20 mm’. The samples were prepared as
thin plates of a thickness 0.5 mm =< d =< 1 mm and a geometrical capacitance of
C,eo = 0.2 pF. The measurements presented in this work have been performed with
an electric field E parallel to the (010) direction. For most measurements silver paint
electrodes were prepared on opposite sides of the samples. No significant difference
of the results compared to those with sputtered contacts of Cr (7 nm) and Au (100
nm) have been detected.

3. EXPERIMENTAL DETAILS

In the following we give some experimental details concerning the experimental
setups used for the dielectric measurements presented in this work:

i) Complex linear dielectric constant €*: These measurements were performed
using the autobalance bridge HP4284A for frequencies 20 Hz < v < 1 MHz and the
impedance analyzer HP4191A, which uses a coaxial line reflection technique for
frequencies 1 MHz < v < 1 GHz."” Typical fields in these measurements were about
1 V/mm for v < 1 MHz and 50 V/mm for v > 1 MHz.

ii) P(E) hysteresis loops and nonlinear susceptibility: For these measurements a
modified Sawyer and Tower circuit has been used.” A reference capacitor C, is
connected in series with the sample and across this circuit a harmonic high-voltage
signal is applied. Measuring the voltage across the reference capacitor and across
the sample via a 14-bit multi-channel AD-device allows the phase sensitive deter-
mination of the driving field E and the polarization response P of the sample. The
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Fourier-analysis of this data leads to the complex higher order terms of the field
dependent dielectric susceptibility.”*"

iii) Pyroelectric effect: These measurements were performed using a circuit similar
to that described above for the P(E) loops. The reference capacitor C, is chosen
much larger than the sample capacitance (C, =~ 10 pF = 10° X C,mpe)- The circuit
is shorted during the cooling/heating-cycle which allows to evaluate the spontaneous
polarization from C,, the surface of the sample A,q,.. and the measured voltage U,
across the reference capacitor: P, = U,(C, — Cuppe)/Asampe = U C/Anpie-

4. RESULTS AND DISCUSSION

4.1 Spontaneous Polarization and Pyroelectric Effects

The spontaneous polarization P, of D-BPI for E 1 (010) versus temperature is rep-
resented in Figure 1 (upper frame). During cooling, P, rises markedly, signalling a
ferroelectric phase transition at T, =~ 272 K. On further cooling, a second anomaly
shows up at T; ~ 266 K. This second anomaly shows distinct hysteresis effects in
the range between T,; and 240 K, which is a fingerprint of a first order type phase
transition. The temperature dependence of A = —dP,aT in D-BPI (lower frame of
Figure 1) can be interpreted as a superposition of two peaks, a larger one at T, and
a smaller one at T_; (arrows in Figure 1). This may well indicate the existence of
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FIGURE 1 Spontaneous polarization of D-BPI versus temperature (upper frame). The data were de-
termined with a Sawyer and Tower circuit described in the text using cooling and heating rates of 0.1

K/min. The lower frame shows the temperature dependence of the pyroelectric coefficient A on semi-
logarithmic scale.
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two polar phase transitions in this temperature regime (a much smaller third peak
shows up at T =~ 260 K, whose origin is unclear at the moment). A sequence of two
phase transitions has also been found at 86 K and 81 K in BP, which becomes
antiferroelectric below this temperature.' Possibly the second transition indicates the
development of an incommensurate phase similar to the findings in betaine calcium
chloride dihydrate (BCCD)."

For temperature smaller than 260 K, \ reveals a nearly exponential behaviour.
This exponential decrease is difficult to characterize in terms of a Landau-type ap-
proach, or using laws like P, « [(T, — T)/T.]" as sometimes proposed.* In BA the
spontaneous polarization P, and the pyroelectric coefficient A show a similar behav-
iour. Here P, saturates at a value of 0.6 pC/cm’® and \ reveals two peaks at 121 K
and 117 K, which were ascribed to two successive FE phase transitions.*

4.2 Linear Dielectric Properties

In measurements of the (linear) dielectric constant of protonated BPI a peak has been
found, which marks the ferroelectric phase transition.* The phase transition tem-
perature in BPI is highly sample dependent, varying between 196 K and 220 K.**
Very recently it has been reported that this anomaly is strong asymmetric and broad-
ened'® or even reveals a double peak structure."’ Our results of the measurements of
the complex linear dielectric constant €* in D-BPI for frequencies v < 1 MHz are
presented in Figure 2. We find the typical peaks in €' and €”, which can be ascribed
to a ferroelectric transition at T, = 272 K. However there is no sign of a second
transition at 266 K as suggested by the results of the pyroelectric measurements (see
above). The temperature of the FE phase transition has shifted to significantly higher
temperatures compared to the protonated compound, which is due to the heavier
deuterons involved in the ordering process. Aside a tiny anomaly in €"(T) at 250 K,
the peaks in €'(T) and €"(T) are well defined providing no evidence for a further
phase transition close to T, = 272 K. Only a weak dispersion and no relaxation
phenomena are connected with the FE phase transition for frequencies up to 1 MHz.
As seen in Figure 2, in the temperature range between 100 K and 200 K a second
phenomenon arises: The dielectric loss €”(T) exhibits a distinct maximum, which is
accompanied by a small dispersive anomaly in the real part €'(T). As a function of
frequency the position of this loss-maximum shifts which is characteristic for a re-
laxation process with a rate that slows down in the frequency and temperature range
set by the experiment. Similar loss features have been detected in protonated BPI
between 120 K and 190 K"' were ascribed to a structural phase transitions. In this
work also the temperature dependence of the complex dielectric constant of D-BPI
has been presented for a single frequency of 5.2 kHz."' Here a similar anomaly near
150 K has been detected with a peak maximum in € being more than one decade
smaller than found in the present investigation. Possibly the field was not directed
parallel to the [010]-axis as can also be inferred by the much smaller values of €.
To get further insight into the dynamics of the relaxational process, we plotted the
measuring frequency vs temperature of the peak maximum in an Arrhenius-type
representation (inset in Figure 2). Assuming a symmetric distribution of relaxation
times the peak maximum in €"(T) is a measure of the mean relaxation rate w(T) at
a given temperature. v(T) reasonably well follows a thermally activated behaviour
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FIGURE 2 Temperature dependence of the complex dielectric permittivity ¢’ and €” of D-BPI for
frequencies v = 2.3, 13 and 75 kHz. The measurements were performed using small signal amplitudes
(E; = 1 V/mm) parallel to the [010] direction. The inset of the lower frame shows the frequency versus
the temperature of the related loss maximum between 100 K and 200 K in an Arrhenius-type represen-
tation. The solid line has been calculated assuming thermally activated behaviour with an energy barrier
E; = 5300 K and an atternpt frequency v, = 8 X 10" Hz. The dotted line has been calculated from a
Vogel-Fulcher law with the parameters Ez = 900 K, v, = 0.1 THz, and T\ = 90 K.

with an energy barrier of E; =~ 5300 K and an attempt frequency of v, ~ 8 X 10"
Hz (solid line). This unphysically high attempt frequency indicates, however, a highly
cooperative process and lets expect deviations from Arrhenius behaviour at higher
temperatures. These recognizable deviations from the Arrhenius behaviour can be
described assuming a Vogel-Fulcher law with an energy barrier E; = 900 K, an
attempt frequency v, = 0.1 THz, and a Vogel-Fulcher temperature of Tyz = 90 K
(dashed line).

Figure 3 shows the results of the measurements of €*(7T') performed in the MHz-
regime. In the upper frame the asymmetry of the peak in €’ at the lower frequencies
could well be due to the two phase transitions at T, and T,; as determined from the
pyroelectric measurements (v = 4 MHz (0): change of slope at 272 K and maximum
at 266 K). €’ is a factor of 4 lower than in the low frequency measurements (Figure
2), which could be due to a misorientation of the crystal.

In the lower frame, £"(T’) reveals a single peak structure. However, an anomaly
close to 266 K can be observed at lower frequencies. With frequencies approaching
the GHz-range the loss increases markedly while a double peak structure develops
in €'(T). The maxima in €” (lower curves) indicate the condition wT = 1, where 7 is
the mean relaxation time. The inset shows the temperature dependence of the fre-
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FIGURE 3 Complex dielectric permittivity €’ and €” of D-BPI versus temperature in the MHz-regime
(frequencies are denoted in the figure). The inset shows the relation between the frequency v and the
temperature of the loss-peak.

quency of the peak maxima. Obviously a critical slowing down of a relaxational
mode can be observed at the phase transition temperature. The solid line is a fit for
temperatures above T ; with an expression which can be obtained from a dynamic
Ising approach for order-disorder transitions,'” namely 1/t « v = vy(T — T)/T with
T, =T, = 266 K and v, = 60 GHz. The steep increase of the static value of the
dielectric permittivity together with the critical slowing down of the order dynamics
with falling temperature above the transition leads to the observed minimum in &’
near 7, for 1 GHz."” Similar phenomena have also been observed in other order-
disorder type ferroelectric materials as e.g. TGS, Rochelle-Salt, or KD,PO,."” (It is
interesting to note that the underlying dissipation processes seem to be dominated
by the transition at T,, rather than by the transition at T,.

4.3 Field-Dependent Dielectric Properties

The results of P(E) measurements stimulated with a harmonic field of an amplitude
of 1300 V/mm are presented in Figure 4. The data are corrected for purely ohmic
loss components, which are characterized by horizontal P(E) ellipses. With decreas-
ing temperature, the typical hysteresis loops show up, which indicate the develop-
ment of the ferroelectric state. The temperature dependence of the parameters char-
acterizing these hysteresis loops, such as coercive field E,, spontaneous polarization
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FIGURE 4 P(E)-hysteresis loops at various temperatures from 226 K to 306 K.
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FIGURE 5 Temperature dependence of the coercive field E, of D-BPI (upper frame), of the remanent
polarization P, and the spontaneous polarization P¥ (lower frame) determined from the data shown in
Figure 4.
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P} and remanent polarization P, are shown in Figure 5. The spontaneous polarization
P¥ saturates at a value of about 3.6 pC/cm’ below T ~ 230 K (lower frame of
Figure 5). Saturation values of P¥ in protonated BPI are reported to range from 1.7
pClem® to 2.3 wC/em’*' The coercive field E. (upper frame of Figure 5) reveals
an anomaly at T = 250 K. This unusual decrease of E, with decreasing temperature
has to be taken as evidence for a further transition, which obviously lowers the
stability of the polarized domains in the crystal. To get further insight into effects
connected to the stability of the ordered state, susceptibility measurements were
performed using harmonic stimulation up to 167 V/mm, which is about the minimum
value of E, in the temperature range below 250 K. Results of these measurements
are reported in Figure 6. The upper three pairs of frames show the linear order
component of the dielectric susceptibility, x;, and the cormresponding loss-angle, 8,,
for various field strengths and frequencies. A variety of features shows up in these
data.

The peak related to the ferroelectric transition reveals a slight anomaly which
increases with increasing field. Even a double peak structure develops for the loss
angle at 56 V/mm at a probing frequency of 90 Hz and for yx, at high fields. The
double peak structure probably signals the subsequent phase transitions at T, = 272
K and T, = 266 K. Just below the ferroelectric phase transition dispersion effects
develop which increase with frequency. This effect indicates domain-wall relaxation
processes at these relatively high fields.

The sequence of phase transitions, T,, and 7,5, near 270 K is well documented in
the magnitude of the third order susceptibility x, (lower pair of frames) where a
peak doublet shows up. Also the related peak in the corresponding phase angle 3,
at 272 K seems to be accompanied by a satellite peak at 266 K.

The second feature of the data presented in Figure 6 is the existence of an addi-
tional low temperature dispersion in x, (100 K < T < 250 K), which is accompanied
by a peak in 8,. The position of this peak appears to be frequency and field depen-
dent. It seems to be connected to the relaxational behaviour, observed already in the
low field measurements (Figure 2). It is resonable, that for higher fields the relaxing
entities stay mobile down to lower temperatures as is indeed observed in Figure 6.
The evaluation of the peaks in §, leads to a field-dependent thermally activated
process. The corresponding effective energy barrier E; decreases from about 5300
K for low field-amplitudes to about 2300 K with an attempt frequency v, =~ 2 X
10" Hz for E, = 167 V/mm.

An additional characteristic feature in Figure 6 is a sharp jump in the third order
loss angle 8, from a value near —w (which denotes a ferroelectric curvature of the
P(E)-curves with increasing field) to values near zero (which denotes the growing
steepnes of the P(E)-curves with increasing field-magnitude in an antiferroelectric
fashion) at T = 250 K. Together with the anomalies in E.(T) and AM(T) mentioned
above, the observed behaviour highly suggests the existence of a further phase tran-
sition at T, = 250 K. In addition there is a number of further features, which can
be seen in Figure 6: i) Ix,| shows a distinct maximum near 210 K, which is accom-
panied by a marked peak in Ix;lE> ii) There is a multiple peak structure in the
magnitude of the third order susceptibility x; and of the corresponding phase angle
8, below T,,, which we found to be field-dependent. Up to now we have no expla-
nation for these additional features but they may well reflect the complexity of the
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FIGURE 6 Magnitude and loss-angle of the harmonic first order susceptibility (upper three pairs of
frames) of D-BPI for field-amplitudes 56 V/mm < E, < 167 V/mm and the frequencies v = 0.77 Hz
(dotted line), v = 8.1 Hz (dashed line), and v = 90 Hz (solid line) and a typical dataset of the corre-
sponding third order terms (lowest pair of frames).
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FIGURE 7 Reciprocal dielectric constant of D-BPI vs temperature at 90 Hz for various field-amplitudes.
The arrows indicate the double-structured phase transition at T; = 272 K and T, = 266 K.
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FIGURE 8 Third order vs first order component of the susceptibility of D-BPI for a frequency of 90
Hz and two field-amplitudes as denoted in the figure. The solid line with slope vy = 3.6 is the result of
a fit to the marked linear area.

Figure 7 shows the x,(T’) data of Figure 6 for a frequency of 90 Hz in a reciprocal
representation. Again, the two subsequent ferroelectric transitions show up by two
distinct anomalies as indicated by the arrows. The lower increase of the curves with
increasing field-amplitude below T, is due to the growing coercive field. Deviations
from pure Curie-Weiss behaviour close to the transition above T, can be ascribed
to the anisotropy of the betaine systems.’

The scaling behaviour of the third order susceptibility with respect to the first
order susceptibility above T,, is shown in Figure 8. Following the Landau-theory for
a ferroelectric phase transition, in the vicinity of the phase transition the third order
susceptibility should behave like x, = x7 with a scaling exponent y = 4."® Using only
the strictly linear area of this double-logarithmically presented data, at least square
fit (solid line) reveals a slope of y = 3.6, which is close to the predicted value. From
measurements of the nonlinear susceptibility in protonated BPI a value of y = 5.7
is reported.*

5. CONCLUSIONS

We have performed a detailed investigation of the dielectric properties of D-BPI. D-
BPI exhibits a ferroelectric phase transition which has shifted to a temperature of T,
= 270 K compared to T, =~ 210 K in the undeuterated BPIL. In addition indications
for a sequence of three polar transitions show up at critical temperatures T, = 272
K, T; = 266 K, and T, = 250 K the microscopic origin of this being unclear up to
now. At frequencies approaching the GHz range a critical slowing down of the order
dynamics at 266 K is observed. The measurements of the pyroelectric coefficient X
revealed a nearly exponential temperature behaviour at low temperatures (T’ < 260
K). The spontaneous polarization P¥ evaluated from hysteresis-loop measurements
finally saturates at a value of 3.6 pC/mm?, which is clearly higher than in the pro-
tonated BPI (P¥* = 1.7 pC/mm?).

We found a relaxational process in D-BPI at temperatures well below the men-
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tioned phase transitions. Both, the mean relaxation rate and the energy barrier char-
acterizing the relaxation dynamics decrease with increase field. At low fields an
energy barrier of 5300 K is found. Due to its highly cooperative character, this
relaxation is assumed to be related to the motion of ferroelectric domain walls.
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